This paper extends the concept of decentralized integral controllability to nonlinear process, and presents a steady state sufficient condition by using the singular perturbation theory. A numerical method is provided to facilitate the analysis of the proposed condition and is illustrated using an example of a dual tank level control system.
Introduction
Decentralized control is the most widely used strategy in industrial process control due to its design and hardware simplicity, fault tolerance, and operator acceptance. For decentralized designs, an important issue is decentralized integral controllability (DIC). Introduced by Skogestad and Morari (1988) , DIC analysis determines whether a multivariable plant can be stabilized by multi-loop controllers, whether the controller can have integral action to achieve offset free control, and whether the closed-loop system will remain stable when any subset of loops is detuned or taken out of service. DIC is a property of a given plant in combination with some pre-specified control structure (such as choices of manipulated and controlled variables and pairings). A comprehensive literature for DIC conditions for linear processes have been developed. As the necessary and sufficient conditions (Le, Nwokah, & Frazho, 1991; Nwokah, Frazho, & Le, 1993) are often very difficult to use for processes of large dimensions, convenient DIC conditions are either necessary or sufficient. While necessary conditions (Campo & Morari, 1994; Lee & Edgar, 2002; Skogestad & Morari, 1988; Yu & Fan, 1990) are often used to screen out unsuitable pairings, the sufficient conditions (Bao, McLellan, & Forbes, 2002; Campo & Morari, 1994; Morari & Zafiriou, 1989 ; * Corresponding author. Tel.: +61-2-9385-6755; fax: +61-2-9385-5966.
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Skogestad & Morari, 1988) are useful to deduce whether a process with a particular control structure possesses the DIC property. This paper extends the concept of DIC to nonlinear processes and provides a new sufficient nonlinear DIC condition. As most chemical processes are nonlinear, the usual practice is to perform controllability analysis based on linearized models (Nikolaou & Misra, 2003) . This approach, however, could produce misleading results as they only indicate the controllability within a (maybe arbitrarily) small vicinity around the operating point (Luyben, Tyréus, & Luyben, 1999; Vinson & Georgakis, 1999) . It is clear that nonlinear DIC conditions are useful in providing both theoretical insights of nonlinear decentralized control and analysis tools for control practice. This paper is organized as follows. The concept of nonlinear DIC is defined in Section 2. A new sufficient DIC condition is proposed based on the singular perturbation theory in Section 3. A numerical method to implement the proposed DIC analysis is presented using an illustrative example in Section 4.
Decentralized integral controllability for nonlinear systems
The concept of decentralized integral controllability for nonlinear systems is defined as an extension of linear DIC (Skogestad & Morari, 1988) . It indicates whether a nonlinear multivariable process can be stabilized (the precise type of stabilization will be discussed later) by multi-loop linear 
